The phosphorus storage compound in grains, phytic acid, or myo-inositol hexakisphosphate (IP6), is important for nutrition and human health, and is reportedly the most abundant organic phosphorus compound in soils. Methods for its determination have traditionally relied on complexation with iron and precipitation, acid digestion and measurement of phosphate concentration, or 31 P NMR spectroscopy. Direct determination of phytic acid (and its homologues) using mass spectrometry has, as yet, found limited application to environmental or other complex matrices. The behaviour of phytic acid in electrospray ionisation high-resolution mass spectrometry (ESI-HRMS) and its fragmentation, both in-source and via collision-induced dissociation, have not been studied so far.
| INTRODUCTION
Organic phosphorus (P) can contribute to up to 80% of soil P, with implications for the availability of soil P to plants. Of this fraction, IP6 is reportedly the most abundant organic P compound in soils and sediments.
1-3 IP6 ( Figure 1A ) is an unusual compound comprising an inositol ring with six bulky and very polar phosphate substituents. A series of homologous, lower inositol phosphates, including myo-inositol pentakisphosphate ( Figure 1B ), is also found in nature.
Due to its importance, IP6 has been widely studied. It was first extracted in 1895, 4 with studies in the following decades attempting to determine its chemical formula. 5 Despite the structure of phytic acid not being confirmed until 1969 by 31 P NMR, 6 and in 1971 by X-ray crystallography, 7 it has been extensively studied and shown to be present in high concentrations in grains, seeds and plant roots. Due to its high abundance in soils, IP6 potentially plays an important role in the P biogeochemical cycle and indeed in the P enrichment of water bodies via transport from soils and sediments.
Initial determinations of IP6 began with acid extraction from seeds, followed by precipitation of IP6 with Fe(III) and measurement of the depleted concentration of Fe(III) in solution, thereby inferring the concentration of IP6. 8 In 1977 Harland and Oberleas 9 demonstrated the hydrolysis of IP6 using concentrated H 2 SO 4 and HNO 3 and the quantification of the released phosphate using the molybdenum blue test. 10 The determination of IP6 along with the inositol phosphate stereoisomers from soils by Cosgrove 11 in the 1960s was achieved by the hydrolysis of the inositol phosphates followed by paper chromatography of the inositol core. An alternative method for the determination of IP6 using phytase enzymatic digestion has also been used widely; 12 the concentration of phosphate released from the digested IP6 is measured using molybdenum colorimetry. Phytases may, however, not be IP6-specific, and may digest other phosphatecontaining compounds co-occurring in complex environmental matrices.
In recent decades, a range of more instrumental analytical methods for determining IP6 has been developed. Liquid and anion-exchange chromatography have been used to separate, identify and quantify inositol phosphates in food and biological samples on the basis of retention times and peaks areas. 13, 14 The methods have contended with the presence of the homologous compounds, the lower inositol phosphates, e.g. pentakisphosphate, tetrakisphosphate, etc., and the stereoisomers of the inositol phosphates in the chiro, scillo, neo, etc., forms making chromatographic separation of the compounds difficult. The addition of modifiers to the LC eluent resulted in fewer adducts, and therefore simplified the mass spectra and improved the identification of IP6. Accurate mass analysis was, however, not employed in this study, nor was the behaviour of IP6 under ESI conditions studied.
Two studies 26, 27 have aimed to determine inositol phosphates in sediments using multiple reaction monitoring (MRM) mass spectrometry. Identification of, not only IP6, but also the lower inositol phosphates (IP5, IP4, IP3, etc.), was on the basis of fragmentation reactions. A third study 28 Negative ion mass spectra obtained by direct infusion on an ESI-Orbtirap: A, IP6 reference standard, B, IP5 reference standard, and C, isolated IP6 in fraction 1 (F1, Figure 4b) . Ions a to a' are detailed in Table 1 Letters correspond to annotated ions in the mass spectra shown in Figure 2 .
fractions spectra were recorded at 120,000 resolution and 50 scans were averaged in order to increase the signal-to-noise ratio. MS/MS spectra were recorded at 15,000 resolution in order to allow a higher scan rate which would be useful for future LC/MS. MS/MS data was collected for the most abundant 20 ions in a spectrum. Fragmentation was via higher energy collisional dissociation (HCD) at 65% normalised energy. Mass spectra were analysed using Xcalibur (Thermo Scientific).
The effect of varying the source voltage was studied by maintaining the sheath gas flow rate at 30 arb, the auxiliary gas flow rate at 0 arb, and the sweep gas flow rate at 1 arb, and changing the source voltage from −1.0 kV to −3.6 kV in 0.2 kV increments.
IC fraction solutions were directly infused at 10 μL.min
. The source voltage was set to −3.4 kV, the sheath gas flow rate to 30 arb, the auxiliary gas flow rate to 15 arb and the sweep gas flow rate to 9 arb.
| RESULTS AND DISCUSSION
The HRMS negative ion mass spectrum of IP6 is presented in Figure 2A . The major ions in the mass spectrum are given in Table 1 The HRMS negative ion mass spectrum of the IP5 reference standard is given in Figure 2B . The major ions ( give ions isobaric with lower inositol phosphate ions, the validity of the identification of these compounds would be called into question.
We therefore sought to confirm or refute the in-source fragmentation hypothesis by purifying the reference standard. This was achieved by collecting fractions from the ion chromatograph. The mass spectrum of the leading front edge of the IP6 peak (the purest IP6 fraction F1, Figure 4B ) is given in Figure 2C , and is very similar to that of the IP6 reference standard, confirming that the ions isobaric with IP5 and IP4 ions observed in the reference spectra arise from in-source fragmentation of IP6 and not contamination by these homologues.
Further analysis of the mass spectra corresponding to the 30-s fractions collected from the chromatograph, suggests that the IP6 peak tails into the later eluting peaks. IP6 appears in each fraction collected although its abundance reduces from fraction 3 to fraction 7. The IP5
[M−2H] 2− ion is the major ion in the mass spectrum for fractions 3, 4, 5, 6, and 7. The ratio of the ions m/z 328:288 in the mass spectra is constant for fractions 1 and 2 where the IP6 peak elutes. In the following fractions the ratio of m/z 328:288 falls below 1, as IP5 comes to dominate the spectra. This indicates that the minor peaks in the Table 2 chromatogram are isomers of IP5, and that the IP6 peak elutes in fractions 1 and 2 and then tails through the chromatogram to fraction 7. The larger peak in fraction 4 was determined to be IP5, as confirmed by co-injection of the IP6 and IP5 reference standards.
MS/MS experiments were performed to study the fragmentation pattern of the IP6 and IP5 [M−2H] 2− ions under HCD conditions. The MS/MS spectra for both are given in Figure 5 and the ions identified in Table 2 Letters correspond to annotated ions in the mass spectra shown in Figure 5 . The results of this investigation demonstrate the potential for using full scan ESI-HRMS to study inositol phosphates, with clear gains to be made in incorporating the technique into protocols for the exploration of organic phosphorous cycling in the environment at the molecular level.
